The present work describes a cylindrical lighting system and its applications for objectively assessing the presence of fuzz in nonwovens. This cylindrical lighting system was designed to allow easy isolation and measurement of fuzz by illuminating the fuzz and suppressing the background. Images acquired under different conditions showcase the need for and the utility of a cylindrical lighting system. The characteristics of fuzz in nonwoven fabrics are extensively explored as a function of different bonding temperatures, abrasion cycles, and the direction of the abrasion force.
Introduction
Pilling of woven and knitted fabrics is a fabric-surface fault in which "pills" of entangled fiber cling to the cloth surface, giving a worn appearance to the garment. In contrast, fuzz is generally considered as a pre-stage of pill formation [1] . Pills ultimately break off the surface. In the case of nonwoven fabrics, abrasion results in the formation of more non-pillable fuzz than pillable fuzz because of the self-limitation of available fiber length by the presence of the bond sites. Therefore, generally pilling is a characteristic of woven or knitted fabrics, and fuzz is more commonly used for nonwovens.
Over the past several decades, more than 20 different test methods have been developed to evaluate pilling, but none can detect pills conveniently and objectively, or describe them comprehensively [2] . Objective and reliable methods are needed to estimate the effects of both fabric structure and abrasion-related variables on fuzz or pill formation.
During the same period, advances in personal computers, image capture and image analysis techniques have made it possible to use imaging techniques as relatively inexpensive research tools. Recent research on pills using these tools with microscopy or lasers has been reported [2] [3] [4] [5] . Image analysis techniques have been used in an attempt to determine the pill grade instead of using the older method of comparing pill images with the corresponding images of a set of standard photographs [2, 3] .
Fuzz in nonwovens is affected by the inherent anisotropy of their structure resulting from the orientation distribution of fibers as well as the bond patterns. To objectively identify and estimate fuzzing, we have developed a method that is capable of assessing changes easily and reliably. The utility of this system is demonstrated through its ability in characterizing fuzzing in a set of nonwoven fabrics.
Materials and Methods

Thermally point bonded nonwovens
To investigate the role of bond strength on fuzz formation, test samples of two different nonwovens were produced at two-calendar roll temperatures, 150 and 180 o C from dry staple uni-directional carded webs. The fibers were Poly (propylene). The final nonwoven fabrics had a weight of 20 g/yd 2 . Figure 1a shows a side lighting system similar to the one used by ref. [2] using a directional lighting source illuminated on one side of the sample. Figure 1b shows our cylindrical lighting system that uses a modified ring light and a reflector to illuminate the sample. By employing a round mirror, the desired lighting angle and the light angle distribution can be easily adjusted by changing the radius of the mirror and/or the light blocker and the distance between the ring light and the light blocker and/or the light blocker and sample. To minimize the distribution spread of the incident light, a large radius round mirror (200 mm) was employed. The size of the digitized image was 50 mm.
Lighting Systems
Nonwoven Fuzz and Image Analysis
The fabrics were abraded by a universal abrasion tester uni-directionally at 0, 45, and 90 degrees to form the fuzz. To determine the fuzzing mechanism, the abrasion cycles were varied from 0 to 300 at 20 cycle increments. Five images were obtained at each increment. The images were converted to black and white by using a segmentation procedure known as relaxation. This procedure has been discussed previously [6] . The geometrical features of the fuzz objects, including fuzz density referring to the total number of fuzz elements and fuzz area, were determined by procedures also previously discussed [7] . Using a transmitted directional lighting arrangement [see reference 6 for details], additional images were obtained for determining the fiber orientation distribution (ODF). ODF was determined from the two-dimensional Fourier Transform of these images [8] . The surface friction coefficient for each fabric was measured by using the Kawabata instrument (KES-FB-M4). 
Results and Discussions
Cylindrical Lighting System
For comparison purposes, images of a piece of bent wire with uniform circular cross section and uniform surface properties were acquired under side and cylindrical lighting systems as shown in Figure 2 . The images were digitized at 0, 45, and 90 degree angles. Figure 2a shows (Figures 2a and 2b) were determined and are reported in Figure 3 . As expected, the cylindrical system exhibits excellent directional stability. This is further demonstrated in Figure 4 , where a fuzz is imaged at different positions.
Increasing the angle would reveal more of the fabric structure, making it more difficult to differentiate the fuzz from the fabric. At the same intensity, the cylindrical light system using steep lighting angle increases the contrast more than other systems (Figure 5a ). Even at larger angles, the images obtained by using a cylindrical lighting system are better candidates for the segmentation procedure as indicated in Figure 5b .
Figure 6 IMAGES AFTER 0 AND 20 ABRASION CYCLES
Characterizing nonwoven fuzz with the cylindrical lighting system
Original images were converted to black and white by applying the relaxation threshold technique. To estimate the increased amount of fuzzing due to abrasion, the threshold value for the control sample was adjusted such that the fuzz area was close to zero, as shown in Figure 6 . This threshold was then used for all other samples in the set.
Characterizing Fuzz In Nonwoven Fabrics 
Figure 10 IMAGES AFTER (A) 300 ABRASION CYCLES AND (B) TENSILE RUPTURE
The majority of test results follow a trend in which a maximum is initially seen followed by a plateau in fuzz density. This is similar to the trends observed for pilling. However in later stages of pilling, pill wear-off exceeds pill formation. If the fiber is strong, it is expected that the pill wear-off is delayed and the pill density remains close to the maximum [1] . In the case of our thermally point bonded nonwovens, a similar mechanism is observed where fuzz wear-off is delayed (Figures 7 and 8) . Note, however, that fuzz density appears to be higher for the samples bonded at 180 o C (Figure 7) while the total fuzz area is higher for those bonded at the lower temperature of 150 o C (Figure 8 ). This indicates that the fuzz formed for the samples bonded at 180 o are smaller. This is clearly seen in Figure 9 .
As indicated above, the presence of bonded sites limits the available fiber segments length that would form the fuzz. This limitation varies with the bond strength and bond-to-bond distance. The basic difference relevant to fuzz formation in the nonwovens produced at the low (150 o C) and high (180 o C) bonding temperatures relates to their tensile strength. The higher bonding temperature results in a stronger bond. Consequently, rupture results in failure mainly at the fiber-bond interface. The rupture of the nonwoven samples bonded at the lower temperature is caused mainly by the separation of fibers from the bonded site due to shear forces. This is easily seen in the images shown in Figure 10 by examining the images of ruptured samples following a tensile test. Weak bonding at the bond site easily allows for longer loosened fibers at those bond sites when the sample undergoes abrasion and can result in larger individual fuzz.
Directional characteristics of nonwoven fuzz
The fuzz properties at 20 abrasion cycles were investigated with additional abrasion tests at 135 degree. Figure 11 shows that the total fuzz number and total area vary depending on the abrasion direction and the bonding temperature. The results at the 90 degree direction exhibit the lowest fuzz area and fuzz number. This is because the fibers are mainly oriented in the 90 degree direction as indicated by the orientation distribution function for the two samples shown in Figure 12 . Because of this anisotropy, abrasion in the cross direction causes contact with the lateral side of the fibers while abrasion in the machine direction causes contact with the fibers along their length as demonstrated in Figure 13 . Therefore, abrasion in the cross direction causes more damage than in the machine direction and is more likely to cause earlier fiber breakage and higher fuzzing. It is also found that the surface coefficient of friction will be higher in the cross direction ( Figure 14) . 
Conclusion
We have demonstrated that fuzz can be easily quantified by using a cylindrical lighting system. The utility of this system is demonstrated by characterizing fuzz in a number of nonwovens. The properties of fuzz in nonwoven fabrics could be successfully explored for samples produced at different bonding temperatures as a function of abrasion cycles and abrasion directions.
The abrasion in the direction perpendicular to the dominant fiber orientation angle direction results in a higher fuzz density and total fuzz area than in other directions. With increasing bonding temperature, abrasion produces shorter and more non-pillable fuzz. At low bonding temperatures abrasion produces more pillable and larger fuzz. The technique is also useful in determining the degree of pilling in woven and knitted fabrics.
